A novel poly(safranine)-modified electrode has been constructed for the determination of 4-nitrophenol (4-NP) in natural water sample. The electrochemical behavior of poly(safranine) film electrode and its electrocatalytic activity toward 4-NP were studied in detail by cyclic voltammetry (CV) and adsorptive linear stripping voltammetry (LSV). All experimental parameters were optimized and LSV was proposed for its determination. In optimal working conditions, the reduction current of 4-NP at this poly(safranine)-modified electrode exhibited a good linear relationship with 4-NP concentration in the range of 8.0 × 10 -8 to 4.0 × 10 -5 mol L -1
Introduction
Phenol and substitute phenols have gained considerable attention in the past decade due to their toxic effects on human beings, animals and plants. Phenolic compounds are produced by a number of polluting processes, including industry-related methods of plastic, paint, antioxidant, petroleum, paper, drug and pesticide production. 1 The compound 4-NP is known for its toxicity, carcinogenity and persistence in the environment. [2] [3] [4] It has become a common pollutant in natural and wastewater. Moreover, 4-NP is involved in most of the degradation pathways of organophosphorous pesticides like fenitrothion, methyl-parathion, ethyl-parathion. These are decomposed in soil and water producing 4-NP as an intermediate or final product of the reaction. 5, 6 As a consequence, 4-NP is cited in the Environmental Protection Agency List of Priority Pollutants. 7 Hence, the determination of 4-NP in water and food samples is of paramount importance. Obviously there is a strong interest for the development of simple, sensitive and reliable determination method.
The detection of 4-NP is usually accomplished using chromatographic techniques, such as gas chromatography, 8, 9 high performance liquid chromatography, 10, 11 liquid chromatography associated with mass spectroscopy, 12 and capillary electrophoresis. 13 Although sensitive and selective, these methods depend on multi-step sample clean-up procedures and are, therefore, generally time-consuming and require skilled personnel. Electrochemical method, which can offer fast, simple and direct real time analysis is one of the most used techniques in the determination of phenolic compounds. Electroanalytical methods have been proposed for 4-NP determination with a modified glassy carbon electrode(GCE), [14] [15] [16] hanging mercury drop electrode (HMDE) 17, 18 and boron-doped diamond (BDD) electrode. The analytical signal is derived from the 4-electron reduction of the nitro group [19] [20] or by the direct 2-electron oxidation of phenol to the corresponding o-benzoquinone. [21] [22] [23] The amount of 4-NP in seawater has been measured with differential pulse voltammetry. This is potentially useful for on-line monitoring. 16 In recent years, water-soluble dyes, such as methylene blue, 24 methylene green, 25 carmine, 26 and other dye derivatives, have been widely used as mediators to catalyze the reduction or oxidation of organic molecules. Safranine is a water-soluble red-colored phenazine-type dye used widely in paper and pharmaceutical industries. However, safranine polymer has rarely been used as a mediator to facilitate the electrochemical reaction of compounds.
In this work, a novel sensor for the detection of 4-NP was developed by the electropolymerization of safranine on the surface of a GCE. An electrochemical measurement was proposed for the direct determination of 4-NP in water and apple samples. The results were consistent with those of a standard chromatography procedure.
Experimental Section
Apparatus. All electrochemical experiments were carried out on a CHI 660C electrochemical workstation (CH Instrument Company, Shanghai, China) with a conventional three-electrode system. The working electrode was a GCE modified with electropolymerization of safranine. The auxiliary and reference electrodes were made of platinum wire and saturated calomel electrode (SCE), respectively.
Reagents. Analytical grade 4-NP was purchased from Shanghai Reagent Company (Shanghai, China). Stock standard solution was prepared by dissolving 4-NP in ethanol and then storing it in the refrigerator. An aqueous solution was prepared daily by simple dilution of the stock solution with 0.100 mol L -1 phosphate buffer solution (PBS, pH = 6.0). Safranine ( Fig. 1 ) was obtained from Shanghai Reagent Company (Shanghai, China). All reagents are of analytical reagent grade unless stated otherwise. Double-distilled water is used throughout the experiment. Preparation of the modified electrode. The GCE (3.0 mm in diameter) was polished to a mirror finish with polish paper and alumina slurry and cleaned consecutively and thoroughly in an ultrasonic cleaner with 1:1 HNO3, alcohol, and redistilled water. Electropolymerization of safranine on the GCE was accomplished by cyclic voltammetry(CV) in PBS (pH 6.0) containing 2.0 × 10 -5 mol L -1 safranine. A poly(safranine) film was formed on the electrode surface by sweeps between -1.6 and 2.0 V for 15 cycles at a scan rate of 0.1 V s -1 .
Sample preparation.
A natural water sample was obtained from a dam located in Puer (Yunnan, China). The pH value was adjusted with KH2PO4-Na2HPO4. The apple sample was obtained from the local market. Its pretreatment followed the recommended process in literature. 27 Briefly, the apple seedcase sample was mashed with a blender. Then, 25.0 g of pulp was mixed with 0.05 L acetonitrile and 1.5 g NaCl, and the organic phase was collected and evaporated on a steam bath. The final volume was adjusted to 0.005 L by the adding appropriate amount of dichloromethane. Part of the sample solution was transferred to PBS (pH 6.0). It was then spiked with a known amount of 4-NP stock solution. This was used for the electrochemical determination.
Analytical procedure. An electrochemical cell containing 0.01 L supporting electrolyte (0.1 mol L -1 PBS, pH 6.0) and a specific amount of standard 4-NP solution were used to perform electrochemical measurements. The solution was de-aerated with nitrogen for 10min. After the potential was held at -0.7 V for 5 s in order to accumulate 4-NP on the modified electrode, CV or adsorptive linear stripping voltammetry(LSV) was performed and voltammograms were recorded. The reduction peak current, measured at approximately -1.0 V in LSV, was applied for the electrochemical determination. After each measurement, the poly(safranine) film electrode was reactivated by successive cyclic potential sweeps between -1.2 and + 0.8 V at 0.1 V s -1 in PBS (pH 6.0). All experiments were carried out at room temperature.
Results and Discussion
Electrochemical behavior of 4-NP on the sensor. The redox behavior of 4-NP was studied using the poly(safranine)-modified electrode. mol L -1 4-NP on the sensor in PBS (pH 6.0). An obvious reduction peak (Pc) appeared at about -1.05 V during the cathodic sweep, and a couple of not well-defined redox peaks (Pa1 and Pc1) were observed in the potential range of -1.2 to 0.4 V. The anodic peak potential (Epa1) and the cathodic potential (Epc1) were located at -0.28 and -0.23 V, respectively. The peak-topeak potential separation was about 0.05 V, indicating that the 4-NP electroreduction was a reversible process. Its voltammetric behavior is consistent with the electrochemical characteristics of 4-NP reported elsewhere. 14, 15 Therefore, the same electron transfer mechanism of 4-NP at the poly(safranine) film electrode can be applied in this study (Scheme 1). The Pc peak was the result of an initial 4e -/4H + reduction of the nitro group to the hydroxylamine species. The couple Pa1/ Pc1 represented for the oxidation of hydroxylamine species and the reduction of the NO group, each transferring 2e and 2H + . Moreover, the significant decrease of the current peak of the Pc process in the second scan ( Fig. 2) could be related to the adsorption of 4-NP on the electrode surface. During the first cycle, most of the 4-NP adsorbed was reduced, and the second reduction peak appeared smaller than it was previously.
With the voltammogram of the sensor in 0.100 mol L -1 PBS (pH 6.0) and in the absence of 4-NP (curve c) as basis, another couple of redox peaks (Pa2 and Pc2) in curve b was ascribed to the redox reaction of the safranine polymer film. However, the current of curve b was different from that of curve c around -0.4 V region. The current difference could be caused by the adsorption of an unstable intermediate and/or the adsorption of the final product of the electrode reaction (Scheme 1). Furthermore, adsorptive linear stripping voltammetry was applied to study the electrochemical behavior of 4-NP on the sensor. Fig. 3 shows the adsorptive linear stripping voltammograms of bare GCE (curve c) and the sensor with (curve a) and without (curve b) 4.0 × 10 -6 mol L -1 4-NP in PBS (pH 6.0). One reduction peak of safranine polymer film was also observed at around -0.50 V on the sensor (curve a and b). The voltammetric behavior of 4-NP on a bare GCE was also investigated in . However, the reduction peak current of 4-NP increased significantly, and the peak potential shifted positively to -1.0 V when the poly (safranine) film-modified GCE was employed. The remarkable peak current enhancement was undoubtedly attributed to the extraordinary properties of the polymer film, such as its three-dimensional distribution mediators and strong adsorption ability. In Fig. 1 , phenazine groups are present in the chemical structure of safranine, Thus, these are also present in the structure of polymer (safranine). Moreover, a phenyl group is present in the structure of 4-NP. Therefore, during the process of pre-concentration, 4-NP can be accumulated in the surface of the electrode via "π-π" hydrophobic interaction and/or hydrogen bonding with the poly (safranine) film to enhance the current response. These results suggest that the sensor exhibits strong adsorptive ability and subtle electronic properties for 4-NP.
Influence of solution pH. The effect of pH on the peak current and peak potential of 4-NP is displayed in Fig. 4 . The reduction peak potential shifted negatively with increasing pH values. In the pH range of 5.0 -9.0, a linear relationship existed between them. The regression equation was: Epc = -0.048 pH -0.7294 (r = 0.998). A slope of approximately 0.05 V/pH suggests that the overall process was proton-dependent and that the electron transfer step was preceded by protonation, with an equal number of protons and electrons involved in the 4-NP reduction. On the other hand, the reduction peak current vs. pH dependence revealed that the peak current had a maximum value at pH 6.0. The current decreased sharply in both directions for higher and lower pH values. For this reason, all subsequent experiments using the sensor were carried out in phosphate buffer at pH 6.0. Influence of accumulation time and accumulation potential. Effects of accumulation time on the reduction peak current of 4.0 × 10 -6 mol L -1 4-NP were investigated by LSV, and the results are illustrated in Fig. 5 . The peak current increased with the accumulation time in the range of 20 -180 s. This indicated the occurrence of adsorptive accumulation of 4-NP on the surface of the modified electrode. However, further increase in accumulation time did not increase the amount of 4-NP at the electrode surface owing to surface saturation. Therefore, 180 s was selected as optimum accumulation time for the determination of 4-NP on the sensor. Fig. 6 shows the effect of accumulation potential on the response of 4-NP. A maximum current response was reached at the accumulation potential value of -0.7 V, and a sharp decrease in current was observed in both sides of this potential. Thus, an accumulation potential of -0.7 V was used in subsequent studies to achieve optimum results for 4-NP determination.
Influence of scan rate. The effect of scan rate on the reduction of 4-NP was investigated by adsorptive linear stripping voltammetry in the range of 0.025 -0.2 V s -1
. A good linear relationship between the peak current and scan rate was observed in the range studied. The regression equation was: Ipc (10µA) = 0.055v (mV s -1 ) + 1.717 (r = 0.997). The linear curve indicated that the electrochemical reaction was predominantly adsorption-controlled in a confined thin film.
Analytical characteristics. A series of 4-NP solutions with different concentrations was measured using the optimized conditions. As a result, the peak current was linear to the 4-NP concentration over the range of 8.0 × 10 -8 to 4.0 × 10 -5 mol L -1 . . To explore the reproducibility of the sensor, a 4.0 × 10 -6 mol L -1 4-NP solution was measured ten times, and the relative standard deviation of the peak current was 2.03%. The 4-NP solution was also determined with six electrodes that were fabricated independently, and the relative standard deviation of the peak current was 3.14%. Hence, the reproducibility was acceptable. The stability of the sensor was examined in PBS containing 4.0 × 10 -6 mol L -1 4-NP by means of voltammetry.
The sensor was used and stored in redistilled water at room temperature for at least 2 weeks. The test results showed that the current responses of the sensor only had a deviation of 3.54% from its original current. The sensor therefore exhibited longtime stability. The interference of some coexistent ions and molecules was examined. The results showed that for 4.0 × 10 -6 mol L -1 4-NP, at least 100-fold concentration of Ca 2+ , Mg 2+ , Cu 2+ , Mn 2+ , Pb 2+ , Zn 2+ , Fe 2+ , Fe 3+ , and Al 3+ and 10-fold concentration of dopamine, ascorbic acid, vitamin B, glucose, hypoxanthine, and cholesterol did not interfere with the determination of 4-NP. However, o-nitrophenol, m-nitrophenol, p-nitrobenzoic acid, and nitrobenzene severely interfered with the determination.
Determination of 4-NP in water and fruit samples. The sensor was used to determine 4-NP in natural water and fruit samples. A standard addition method was adopted to estimate the accuracy. The measurement results are shown in Tables 1 and 2. In addition, Fig. 8 shows the voltammograms from typical analysis of 4-NP in apple samples. No voltammetric peaks corresponding to 4-NP were observed when the samples were analyzed. This means that their concentrations were below the de- tection limit. The recoveries of the standards added were close to 100%, indicating that the method was reliable.
Conclusions
An electrochemical sensor for the determination of 4-NP has been developed based on the electropolymerization of safranine on GCE. The results suggest that the current response of the sensor to 4-NP is highly sensitive, selective and stable. The successful determination of 4-NP spiked into natural water and apple samples suggests that it is a promising electrochemical sensor for the detection of 4-NP in real samples.
